The accurate control for the vehicle height and leveling adjustment system of an electronic air suspension (EAS) still is a challenging problem that has not been effectively solved in prior researches. This paper proposes a new adaptive controller to control the vehicle height and to adjust the roll and pitch angles of the vehicle body (leveling control) during the vehicle height adjustment procedures by an EAS system. A nonlinear mechanism model of the full-car vehicle height adjustment system is established to reflect the system dynamic behaviors and to derive the system optimal control law. To deal with the nonlinear characters in the vehicle height and leveling adjustment processes, the nonlinear system model is globally linearized through the state feedback method. On this basis, a fuzzy sliding mode controller (FSMC) is designed to improve the control accuracy of the vehicle height adjustment and to reduce the peak values of the roll and pitch angles of the vehicle body. To verify the effectiveness of the proposed control method more accurately, the full-car EAS system model programmed using AMESim is also given. Then, the co-simulation study of the FSMC performance can be conducted. Finally, actual vehicle tests are performed with a city bus, and the test results illustrate that the vehicle height adjustment performance is effectively guaranteed by the FSMC, and the peak values of the roll and pitch angles of the vehicle body during the vehicle height adjustment procedures are also reduced significantly. This research proposes an effective control methodology for the vehicle height and leveling adjustment system of an EAS, which provides a favorable control performance for the system. 
Introduction
Since the first application of electronic technology to the vehicle air suspension system recorded in 1980s, electronic air suspension (EAS) system has gained wide attentions [1] [2] [3] [4] . The main advantage of EAS system is the improvement of the vehicle dynamic performance, including the driving comfort, the handling stability and the fuel economy [5, 6] . As a well-established vehicle suspension system, EAS system has been researched in depth and been used in a large number of vibration isolation occasions, such as the vehicle seat suspension and the railway vehicle suspension [7] [8] [9] [10] . However, the vehicle height and leveling adjustment control problem of an EAS system still poses difficulties for researchers, which are reflected in the previous academic reports on this theme. The progresses of the intelligent control theories together with the increasing compute capability of the relevant hardware allow solving the control problem from a new perspective [8, 9] . In this paper, a fuzzy sliding mode control (FSMC) approach for precise vehicle height adjustment and leveling the vehicle body at appropriate posture by an EAS system is presented.
The heights at four corners of the vehicle body are adjusted by controlling the air mass flow rates flowing into or flowing out of the air springs for an EAS system. During off-road driving condition, the EAS system can lift the vehicle body to prevent the suspension from hitting the position limiter [10] , while for driving on an expressway with high speed, the air drag can be reduced
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Chinese Journal of Mechanical Engineering and the driving safety can be enhanced by lowering the vehicle body. Meanwhile, in order to prevent the phenomenon of vehicle posture instability, i.e., the peak values of the roll and pitch angles of the vehicle body are too large, which is mainly caused by the different payloads at four corners and the system parameters difference between the front and rear air suspensions, the effective control of the vehicle leveling is also very essential for the EAS system dynamic performance [11] . The difficulties in controlling the vehicle height and leveling of an EAS system arise from several aspects. In general, the controller needs to adjust the air mass flow rates flowing into or flowing out of the four air springs synchronously with several on-off solenoid valves. Furthermore, the nonlinear dynamic behaviors of the air spring will also give some troubles to the derivation of the system control law. In particular, the vehicle height and leveling control problem is further complicated by the real-time variations of the payloads and the system parameters [12] . In that case, only robust control methods could be effective. In Ref. [13] , Kim and Lee proposed a sliding mode control (SMC) strategy for solving the height and leveling control problem of a closed-loop EAS system. Although the control method is robust and the system performance is improved, the controller may be sensitive to external disturbances due to the fixed control parameters. Xu et al. [14] proposed a variable structure vehicle height control method for single-wheel air suspension system, and on this basis, by calculating the deviations of the pitch and roll angles of the vehicle body, a leveling controller is also designed based on the fuzzy logic control (FLC) algorithm. However, due to the separated design of the vehicle height and leveling controller, the overall control system design procedure is lack of systematic character and fault tolerance.
Since the system uncertainties can be dealt with directly under the control of the SMC method, many SMC applications in engineering have been reported. Nevertheless, the SMC methodology without adaptive capability may suffer from chattering problem in control [15] . Several approaches have been proposed to eliminate the chattering phenomenon. However, these approaches, which are based on the use of a boundary layer in the sliding mode, are known to degrade the robustness [16] . To conquer the vulnerability of single SMC method and guarantee the system stability, the combination of SMC and FLC could be useful [17] . Many publications have reported effective schemes to apply fuzzy sliding mode control (FSMC) method for the controller design of several high-order nonlinear systems [18] [19] [20] [21] .
The main contribution of this paper is that a novel control approach is proposed by combining the merits of SMC and FLC to address the vehicle height and leveling control problem of a full-car EAS system. The FSMC is designed by defining a switching sliding surface for the system, whose slope is modified by a FLC system. On this basis, the switching surface is also used as an input to FLC, thus the continuous term of SMC can be computed by using equivalent method. One advantage of the proposed approach is that the chattering control phenomenon is attenuated. Another advantage of the method is that the system controller has higher adaptive ability for the external disturbances. As far as we know, this approach is efficiently applied for the vehicle height and leveling control problem of an EAS system for the first time.
The organization of this paper is as follows: The EAS system dynamics, leveling control problem and the system nonlinear mathematical model are presented in Section 2. In Section 3, the design method for the FSMC of the EAS system is described. Section 4 illustrates various aspects of the controller behaviors with co-simulation conducted based on Matlab and AMESim. The actually potential advantages of the control method are verified in Section 5 by actual vehicle tests. The conclusions of this paper are finally summarized in Section 6.
System Description and Modeling

System Outline
The target vehicle height and leveling adjustment system of a full-car EAS is shown in Figure 1 . Four air suspensions, which consist of four air springs and four dampers with assumedly constant damping coefficient, are installed at each corner of the vehicle. The vehicle height and leveling adjustment system is composed of six on-off solenoid valves deciding the air flow path, a compressor and an air reservoir providing the high-pressure air, an electronic control unit (ECU) providing control signals for the system, and some other related pneumatic components.
According to the architecture of the target system, the vehicle height and leveling control procedures can be summarised as follows [22] [23] [24] .
(1) Height and leveling adjustment during the lifting procedure: In the lifting process, the charging solenoid valve or the compressor is opened, thus the compressed air can flow into the four air springs. If the vehicle body does not maintain at an appropriate posture, the control signals for the four air spring solenoid valves would be reassigned to reduce the air mass flow rates flowing into the air springs whose height lifting speed are relatively fast. 
Leveling Control Problem
Due to the maldistribution of the vehicle payloads and the system parameters difference between the front and rear air suspensions, it is difficult to maintain the synchronous vehicle height adjustments at four corners of the vehicle body without coordination control. The vehicle leveling instability can not only reduce the ride comfort, but also have a marked impact on the vehicle handling performance. The vehicle leveling instability originated by the desynchronized height adjustment is shown in Figure 2 . Among them, the vehicle pitch angle originated by the desynchronized height adjustment between the front and rear air suspensions in the height lifting process is illustrated in Figure 2 (a), the vehicle roll angle originated by the desynchronized vehicle height adjustment between the right and left air suspensions in the height lowering process is illustrated in Figure 2 a−c and z rr a−c are the vehicle heights at four corners under ideal control, θ and φ denote the roll and pitch angles of the vehicle body. In order to prevent the phenomenon of vehicle leveling instability, the control system needs to adjust the air mass flow rates flowing into or flowing out of the air springs effectively during the vehicle height lifting or lowering procedures.
System Modeling
The mechanism model describing the nonlinear dynamic behaviors of the vehicle height and leveling adjustment system of EAS consists of the model describing the thermodynamic behaviors of the air springs, the model describing the airflow properties of the solenoid valves and the full-car dynamic model.
Thermodynamic Behaviors of the Air Spring
During the vehicle height and leveling adjustment procedures, the dynamic behaviors of the air springs are similar to a variable mass gas charging/discharging thermodynamic system. Based on the derivation of the relevant thermodynamic theories, the thermodynamic behaviors of the air spring are given as [25, 26] where P as is the air pressure inside the air spring, V as is the volume of the air spring, κ refers to the polytropic constant, R denotes the universal gas constant, T is the temperature of the air inside the air spring, q in and q out are the air mass flow rates flowing into and flowing out of the air spring respectively.
The pipe can also be considered as a variable mass gas charging/discharging thermodynamic system, but its volume remains constant in the vehicle height and leveling adjustment procedures, thus the mechanism model of the pipe can be given as where P pi is the air pressure inside the pipe, V pi is the volume of the pipe, q pi-in and q pi-out are the air mass flow rates flowing into and flowing out of the pipe.
Solenoid Valve Airflow Properties
The air mass flow rate through the solenoid valve is mainly decided by the upstream and downstream air pressures of the solenoid valve. Based on the modeling assumptions, the on-off solenoid valve is abstracted to a thin wall orifice, thus the nonlinear air mass flow characteristics through the solenoid valve is expressed mathematically as [27, 28] (1)
where q(P u , P d ) refers to the air mass flow rate through the solenoid valve, s denotes the solenoid valve crosssectional area, P u refers to the upstream air pressure, P d refers to the downstream air pressure, and b refers to the critical pressure ratio. It is noted that the airflow characteristics of the six on-off solenoid valves are assumed to be identical to each other.
Full-car Dynamic Model
The motion equations of the full-car dynamic model can be presented mathematically as [29] where m s refers to the sprung mass, z s refers to the vertical displacement of the vehicle body, F si (i = 1, 2, 3, 4) denote the applied forces exerted on the vehicle body by the four air suspensions, P asi (i = 1, 2, 3, 4) denote the pressures of the air in the air springs, c di (i = 1, 2, 3, 4) refer to the damping coefficients of the four dampers, A asi (i = 1, 2, 3, 4) refer to the effective areas of the air springs, z fr , z fl , z rr and z rl are the vertical displacements of the four unsprung masses, z ai (i = 1, 2, 3, 4) refer to the displacements of the vehicle body at four corners, I θ and I φ refer to the roll and pitch moments of inertia respectively, l a is half of the wheel-track, l f and l r refer to the distances between the vehicle centroid to the front and the rear axis, m fr , m fl , m rr and m rl are the four unsprung masses, k tf and k tr are the tyre stiffnesses of the front and rear wheels respectively, z ri (i = 1, 2, 3, 4) are the road roughness inputs.
Since the amplitudes of the roll and pitch motions of the vehicle body are relatively small, the following linear geometrical relationships between the vertical displacements of the vehicle body at four corners and z s , θ and φ can be obtained as [30] (3)
Based on the above equations, the vehicle height and leveling adjustment system model of EAS is a typical multi-input multi-output system. Among these, the system state variables can be defined as In order to achieve the effective control for the vehicle height and leveling by an EAS system, the air mass flow rates through the four air spring solenoid valves should be controlled, which are given according to Eq. (1) as Therefore, with the four defined control inputs q asi (i = 1, 2, 3, 4), the system nonlinear mechanism model can be further obtained as where r refers to the road roughness disturbance. The specific contents of α(x), β(x) and k(x) can be obtained based on Eqs. (1), (2), (4) and (5), which are omitted here because of lack of space.
Controller Design
To conduct the derivation of FSMC control law for the vehicle height and leveling adjustment system of EAS in the linear field, the nonlinear mechanism model of the system needs to be further globally linearized through the state feedback method based on the differential geometry theory. The following are the related concepts of differential geometry theory [31] .
For an affine nonlinear system where x refers to the system state variables, f and g are the smooth functions of the vector field h, u refers to the system inputs and y refers to the system outputs.
Definition 1: Lie derivative Take the derivative of the system output equation (5) 
x = [P pi P as1 P as2 P as3 P as4 z frżfr z flżfl z rlżrl z rrżrr z sżs θθ ϕφ]
T ,
are defined as the lie derivative.
Definition 2: Relative degree For x 0 ∈x, if the neighborhood of x 0 and a positive integer r, which make the system (9) meet the following conditions, exist, Then the relative degree of the system is defined as r. Differential geometry theory is a controller design method for the nonlinear system. By using appropriate nonlinear state feedback and coordinate transformation method, a nonlinear system is transformed into a linear system partially or wholly, then the system controller can be designed based on the linear control method.
Linearization of the System Model
According to the specific contents of α(x) and β(x), the following calculated results can be obtained based on the differential geometry theory where i = j=6. Thus the relative degree of the nonlinear system {r i }(i = 1, 2, 3, 4, 5, 6) = {6}, which satisfies the necessary and sufficient conditions for the linearization of the system. Therefore, by introducing the following nonsingular coordinate transformation:
and L f h(x) is called the lie derivative of h with respect to f [32] , the nonlinear model of the vehicle height and leveling adjustment system of EAS is transformed into a new system model by the linearized coordinates. Then, the new system state equation in the linear space can be presented mathematically as (10) 
. Based on the above-mentioned linearization, the SMC method can then be used to design the controller of the vehicle height and leveling adjustment system of EAS.
SMC Design
Generally, the vehicle height and leveling adjustment system has high nonlinearities because of the nonlinear dynamic behaviors of the air springs and the airflow characteristics through the solenoid valve. Furthermore, the real-time variations of the payload and the system parameters also give troubles to the controller design. Thus, an effective control method is essential to solve these problems and to guarantee the vehicle height and leveling are controlled in high performance. The SMC is a representative of the robust control method and has been used in many pneumatic control systems [33] [34] [35] . The SMC design procedure contains two parts. One part is to define the sliding surfaces and the other part is to formulate an effective control law.
Consider the system model represented in equations and the major control objectives, the sliding surfaces of (14) Based on Eq. (18), the control outputs of the SMC can be further described by ( = c 61 e ϕ2 + c 62 e ϕ3 + v 6 = −ε 6 sgn s ϕ − k 6 s ϕ ,
17)
Substituting Eq. (19) into Eq. (16), the control outputs of the SMC in the original coordinates can be further obtained as [36] [37] [38] 
FSMC Design
In this section, the merits of SMC and FLC are combined to address the chattering problem of SMC. This scheme can help to ensure the system stability. The FSMC is defined as a single-input-single-output system whose input is the sliding surface and output is the gain coefficient of the switching control. The sliding surfaces are fuzzified based on the universe of discourse of s and the fuzzy rules are defined by triangular form and trapezoidal form of membership functions. The membership function of the output, i.e., the gain coefficient of the switching control, is defined as a singleton function, whose fuzzy sets are defined on the normalized universe of discourse ± 1, as shown in Figure 3 are the input and output fuzzy sets. The fuzzy rules partition the phase plane into two semiplanes by a sliding surface. The fuzzy control rules of inference, which decide the impact of the precedent part on the retrocedent part, are defined as [39] where sup x∈s i is proposed for maximum operation. The crisp output values are extracted from fuzzy outputs by using center of area defuzzification principle given as (19) 
Then, the outputs of the FSMC can be obtained. The FSMC determines a mapping from the sliding surface to the system outputs. The control rules of the FSMC are contrary to the modified SMC on the separated semiplane, where the magnitudes of the fuzzy control signals are proportional to the states away from the sliding surface s = 0. Therefore, the FSMC actions will help to ensure the system state vectors stay on the sliding surfaces, so as to realize the system optimal control performance.
The general control structure of the proposed FSMC is shown in Figure 4 . The gain coefficients of the SMC are determined vigorously by the FLC according to the sliding surfaces, which are defined based on the errors between the actual system performance indices and the desired system performance indices. Meanwhile, the vehicle heights at each corner are passed through a lowpass filter of 2 Hz to filter out the road roughness disturbances. Since the vehicle height and leveling adjustment system of EAS uses the on-off solenoid valves to regulate the air masses inside the air springs, the on-off statuses of the six solenoid valves are further controlled by employing the pulse width modulation (PWM) technology in this paper. The duty ratios of the on-off status of the solenoid valve are then given as (23) Distance from the centre of gravity to front axis l f (m) 3.32
Distance from the centre of gravity to front axis l r (m) 2.38
Half of the wheel-track l a (m) 1.21
Front wheel damping coefficients c d1 , c d2 (N·s·m where q o_i_con refer to the air mass flow rates through the air spring solenoid valves, which are controlled by the proposed FSMC. q o_ max refers to the maximum air mass flow rate through the air spring solenoid valve when the solenoid valve is fully opened. The meaning of Eq. (23) is given as follows:
(1) When the absolute values of the desired air mass flow rates through the air spring solenoid valves are larger than the maximum air mass flow rates, the duty ratios of the on-off solenoid valves are defined as 1. (2) When the absolute values of the desired air mass flow rates through the air spring solenoid valves are less than the maximum air mass flow rates, the duty ratios of the on-off solenoid valves are defined as the desired air mass flow rates divided by the maximum air mass flow rates. (3) When the desired air mass flow rates through the air spring solenoid valves are zero, the solenoid valves should be closed.
On this basis, the on-off statuses of the charging solenoid valve and the discharging solenoid valve also have the following logical relationships with the on-off statuses of the four air spring solenoid valves where δ c and δ d are the on-off statuses of the charging solenoid valve and the discharging solenoid valve respectively, δ a fr , δ a fl , δ a rl and δ a rr refer to the on-off statuses of the four air spring solenoid valves.
Simulation Study
To verify the control performance of the proposed FSMC method, the simulation study of the controller is conducted. The simulation program is composed of the system mechanism model and the FSMC controller. Among them, the nonlinear model of the vehicle height and leveling adjustment system of EAS is developed on the basis (24) of the dynamic analysis of the pneumatic system and programmed by AMESim, which can reflect the actual dynamic characteristics of the system more accurately [40] . Then, the co-simulation study of the FSMC performance is conducted based on Matlab and AMESim. The co-simulation structure of the FSMC is illustrated in Figure 5 .
The parameters of the target full-car EAS system and the city bus, considered in the simulation calculations, are shown in Table 1 .
The control objectives of the proposed method are to ensure the vehicle height can be controlled in high precision and the peak values of the roll and pitch angles of the vehicle body can be reduced significantly despite payload variations and parameters difference. To obtain the simulation calculation results, the road roughness input is given mathematically as [41, 42] where u denotes the vehicle speed, G q (n 0 ) refers to the road random roughness coefficient and w(t) refers to the Gaussian white noise. The road roughness used in simulation and vehicle tests corresponds to the road of class B (G q (n 0 ) = 64 × 10 −6 m 3 ) [43, 44] . The initial vehicle heights at four corners of the vehicle body are defined as 0.25 m. The simulation results of the FSMC method applied to the full-car EAS system are shown in Figure 6 .
To better show the dynamic performance of the FSMC strategy, the actual vehicle heights at four corners and the peak values of the roll and pitch angles of the vehicle body are illustrated in Table 2 . Note that the values of vehicle height are the mean values under steady state.
As shown in Figure 6 and Table 2 , the controller shows high precision in the vehicle height adjustment, and the peak values of the roll and pitch angles of the vehicle (25) 31:25 body are also reduced significantly. These results show the effectiveness of the proposed controller.
Vehicle Tests
In this section, actual vehicle tests for verifying the FSMC performance are reported. As shown in Figure 7 , the actual vehicle tests are performed with a city bus equipped with a full-car vehicle height control system. The on-off solenoid valves used to control the air mass flow rates are integrated together. The air reservoir and the compressor are equipped to provide high-pressure air. In terms of sensors, the roll and pitch angles of the vehicle body are measured by the gyro, and the vehicle height is measured by displacement-type height sensor.
The system controller designed based on FSMC is implemented using a D2P (development to production) rapid control prototyping platform, which can generate the control code directly based on the compilation of project files established in Simulink. The initial static vehicle height is assumed to be zero in the vehicle test. Figure 8 shows the actual vehicle test results for the height adjustment procedures. As shown in Figure 8(a) , the proposed FSMC controller can regulate the vehicle heights at four corners to the desired values with high precision. In addition, according to the test results shown in Figure 8 (b) and (c), the proposed FSMC controller can also maintain the posture stability. It can also be found that the peak values of the roll and pitch angles have significant decrease amplitudes under the control of our FSMC controller. Note that the control strategy designed in this paper is to adjust the vehicle height and the roll and pitch angles of the vehicle body, this may cause the increase of the vertical acceleration of the vehicle body. During the vehicle tests, the vertical accelerations of the vehicle body before and after control are also compared, and the comparison results show that the vertical acceleration of the vehicle body doesn't have a significant increase, thus the vehicle ride comfort is guaranteed in this study.
Conclusions
(1) A FSMC controller with adaptive ability has been developed in this paper for solving the vehicle height and leveling control problem of an EAS system. Based on the analysis of the system working principle, a nonlinear mechanism model is established to describe the dynamic behaviors of the system and to derive the control law. (2) As a robust control method, the FSMC technique can be used to ensure the vehicle height adjustment precision and stabilize the posture of the vehicle body during the vehicle height adjustment procedure of EAS system, i.e., the peak values of the roll and pitch angles can be decreased significantly. (3) The resulting FSMC control algorithm can be implemented by the D2P rapid control prototyping platform, and on this basis, the actual vehicle tests of the control performance is conducted. The simulation and test results illustrate that the proposed FSMC method can control the vehicle height with high precision and regulate the roll and pitch angles of the vehicle body effectively. The proposed approach can be used to improve the performance of EAS system. 
